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Increasing number of masters and aged athletes participate in athletic events each 
year with increased proficiency and improved performances, yet there are significant 
physiological differences in the recovery process compared with younger athletes that 
need elucidation. For example, there are subtle recovery impairments compared to 
younger athletes amplified by several factors, including increased age-related detraining 
and sedentary behaviors affecting the training status of aged athletes, female hormonal 
changes affecting measurement and interpretation of muscle damage markers, age-related 
skeletal muscle fiber type changes, and skeletal muscle repair processes impaired by age-
related immune system changes. All of these changes conspire to impair repair and 
replenishment of aged skeletal muscle post exercise. Therefore, this review compares and 
contrasts age-related recovery processes and intervention results following strenuous 
exercises. 
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Chapter 1:  Masters Recovery Overview  
INTRODUCTION 
Despite known age-related physical capacity reductions affecting aerobic, 
anaerobic, exercise efficiency, strength and power due to declines within the metabolic 
cardiovascular, and hormonal systems,[2] masters athletic participation and performance 
have been on the rise for several decades across classic “Olympic” and newly added 
events.[1]  Compared with younger athletic events, the basis of masters athletic 
competition remains unchanged requiring high aerobic and anaerobic capacities, as well 
as, appropriately strong and powerful muscle contractions tuned for the particular 
event.[2]  Therefore, describing recovery processes for this athlete group is important to 
aid achieving complete muscle repair and replenishment and improving subsequent 
performances resulting from training adaptations.   
The focus of this review is to understand skeletal muscle recovery from 
mechanical and physiological damage. Mechanical damage alters the muscle physical 
structure causing disruption of the sarcomeres in myofibrils, Z-line streaming, and T-
tubule damage resulting in measurable loss of maximal concentric contraction 
force.[3][4]Physiological damage alters the energy metabolism pathways, inflammation 
response pathways, nutrient delivery system, and neurological factors that delay 
recovery. There are interactions between these two types of damage to cause delayed 
neurological recovery due to mechanical damage.[5][62]The goal is to clarify recovery 
from exercise-induced muscle damage for aged and masters athletes. Present studies 
investigating the mechanisms of fatigue and delayed recovery responding to endurance 
activities have used resistance and high intensity test bouts to analyze the muscle 
recovery processes, and this review will examine their results.  There remains a paucity 
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of study in some areas or recently published reviews that capture a majority of the 
relevant contributions in an area, and therefore, single studies will comprise many 
references used here. 
BACKGROUND 
The term “masters” has been defined as athletes who are older than the 
recognized peak age for a particular sport – typically between 30 and 40 years old.[6] The 
generally accepted notion that aging determines the decline in performance might instead 
be the result of increased sedentary life style, because research using older sedentary 
subjects has shown consistently improved physical capacities, and decline in 
physiological measures occurs more slowly in aged, recreational athlete populations than 
typically occur in the wider population. For example, male and female master athletes 
competing in the 2014 Pan Pacific Masters Games were shown to exhibit significantly 
better anthropometric, functional, and health characteristics compared with age-matched 
and generally less active [Australian] population.[8]  
However, compared with sedentary adults, masters athletes of both sexes show 
greater absolute VO2max decline with age possibly due to previous exercise lifestyle 
followed by reductions in habitual exercise.[2][7] However, aged and master athletes can 
maintain proficient exercise capabilities with continued training,[7] and therefore the 
notion of “use it or lose it” seems to apply to aging athletic performance if not the entire 
aging population as a whole.[10][11] 
While aging processes obscure the study of recovery, some theorize that study of 
recovery in masters athletes aids in understanding the aging processes in general because 
it unmasks the muddle caused by age-related disease process interacting with aging 
processes.[8][9][13]  
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Brief Physiology review of Aged Athletes 
Well known are the age-related decline in VO2max. Athletic performance 
declines exponentially beginning around the seventh to eighth decade of life, and this 
age-related decline in athletic performance is typically greater in women compared with 
men.[7] 
Gender Differences – A Brief Summary 
Sex Hormone Effects 
Muscle mass averages 36% higher in men than in women with more in the upper 
body (40%) versus lower body (33%). These differences exist from the infancy to old age 
and become most obvious after puberty. Sex hormones are implicated as the cause of the 
differences.[13]  While estrogen seems to improve muscle contractile properties, its 
membrane stabilizing effects seem to resist muscle cell damage, and therefore, reduce 
enzyme leakage into blood plasma.[14] Therefore, studies relying on those blood markers 
of muscle damage must segregate reporting by gender. Studies have shown contrary 
results due in part to differences in participant age, fitness level, exercise protocols and 
exercise intensity, and comparisons confounded by actions by other hormones.[15] 
An example of unintended consequences was shown using muscle damaging 
downhill run test protocols. Some oral contraceptives (OC) seem to have no impact on 
recovery,[16] while new, 3-rd generation, monophasic oral contraceptives (OC) (i.e. low 
androgen progestin) caused hypertrophy (but not significantly) resulting from resistance 
training compared to non-OC users. The ethinyl estradiol in the OCs was possibly 
responsible for the hypertrophic effect of resistance training.[17] 
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Improved nutrient delivery and increased energy for muscle structural repair may 
result from improved vascularization and skeletal muscle mitochondrial function shown 
in premenopausal and recent postmenopausal subjects. [18] 
High levels of estrogen attenuate inflammation that causes delayed onset muscle 
soreness (DOMS) after exercise,[19] and high estrogen (estradiol) levels reduce oxidative 
stress-induced muscle damage, and is possibly associated with satellite cell activation and 
proliferation in skeletal muscle.[15] 
Blood Markers of Muscle Damage Effects 
Women have lower serum creatine phosphate kinase (CK) activity than do men at 
rest, and in response to equivalent exercise bouts including muscle damaging eccentric 
exercise.[21] The normal range of serum CK in males is 39–308 IU/L and in females is 26–
292 IU/L[22] indicating wide variation. 
CK concentrations and DOMS (delayed onset muscle soreness) in sedentary male 
and female cohorts post muscle-damaging downhill running bouts were shown to be 
gender specific. Independent of menstrual phase, CK response recovers more quickly in 
women. Moreover, the CK and DOMS responses occur in concert in men, but not in 
women following downhill running. The DOMS response in women is prolonged, which 
the authors speculated that this effect “…may be influenced by menstrual phase with 
possible prolonged muscle pain sensitivity.” [24] 
Fatigue  
Older adults and females experienced a greater fatigue resistance for a sustained 
maximal-effort isometric knee extensor contraction compared with younger adults and 
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males who experienced greater peripheral and central fatigue and greater peripheral 
fatigue, respectively.[25]  
In general women display greater endurance and faster recovery than men. Men 
show faster twitch force generation and rate of relaxation when fatigued due to female 
muscle containing a larger proportion of type I fibers that are oxidative (slow) with 
higher endurance.[14] 
Eccentric Exercise Repeated Bout Protective Effect 
This non-estrogen related effect is in response to an initial eccentric (ECC) bout 
that relieves damage from follow-on eccentric bouts in the same muscle group. Since 
1983, the effect has been shown in different human muscle groups, and is thought to be 
the result of interaction between various neural, connective tissue and cellular factors.[26] 
A single exercise bout is shown to have a prophylactic effect on muscle soreness 
and serum enzyme responses that last approximately 2 weeks;[27] the greatest adaptation 
occurred with the first repeat bout.[28] 
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Chapter 2: Skeletal Muscle Recovery Processes Described and 
Measured 
INTRODUCTION 
Independent of age, recovery processes are healing processes to repair structural 
and oxidative damage sustained during an exercise bout; recovery processes also 
rejuvenate physiological systems depleted during a bout. The overall goal is to return 
both systems to their pre-exercise state, and then further extend the capabilities of each 
system in response to more strenuous cycles of the physical training model.[2] 
Repairing generalized cellular damage has been recently modelled in three stages 
connected in a spiral cascade. The stages are linked and defined by different signaling 
pathways, and failure to complete any single stage induces different pathogenic disease 
manifestations due to incomplete repair. These mechanical repair processes involve stem 
cells for the particular tissue type, and skeletal muscle satellite cells respond to these 
signaling pathways.[29] 
Aging is shown to blunt these processes; indeed, satellite cell (skeletal muscle 
stem cell) density has been shown to drop with age, which may be reversed to some 
extent by increased physical activity level.[30]  
MASTERS RECOVERY STUDIES – A STARTING POINT 
Different training loads and protocols impose wide variations in recovery times 
based on the training status, age, and gender of the study participants. Recovery can take 
from less than 24hrs in response to an acute training session to more than 28 days in 
response to an excessive, “over-reaching” training stimulus.[6]   Psychological status has 
been shown to require consideration because it can reduce recovery from the previous 
exercise bout.[31] 
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The recovery of aged and master athletes from exercise-induced mechanical and 
physiological damage has been studied sporadically for decades without consensus due to 
equivocal results.[2] For example, results become skewed using sedentary subjects to 
model aged and trained muscle behavior, poor control for training status and training 
volume of the subjects, comparing concentric versus eccentric contraction results, using a 
single measure to evaluate severity of muscle damage, combining gender results, and 
possibly projecting results of trained and untrained animal to humans.[6] A recent review 
focused on cycling protocols (concentric contractions) and included mention of resistance 
protocols, (50% eccentric contractions) and concluded that due to limited body of 
research, age has no effect on recovery unless exercise-induced muscle damage delays 
neuromuscular function recovery.[2] 
Importantly, the mention of neurological function refers to the cited 55km trail-
run study featuring significant downhill running bouts – i.e. eccentric contractions spread 
over the distance approximating 50% the total distance. Endurance trained master athletes 
who were performance matched to a younger cohort showed significantly  
Impairment 
 MVC (maximal voluntary-isometric contraction) strength at 24 hrs. post run, and 
this remained depressed, but not significantly, compared to the younger cohort through 
the 72hr recovery period studied.[5] 
Also measured were peak muscle twitch torque and contraction time that indicate 
neuromuscular performance.  The masters group showed delayed return to baseline that 
remained significantly depressed after 72hrs post exercise compared to 24hrs for the 
young cohort. Therefore, even if all other muscle remodeling and replenishment 
processes were complete, these masters would not have been able to train heavily, and 
possibly would require a gradual re-introduction to training.[5] There have been 
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apparently no other studies of this effect using similar duration and intensity, and the 
closest in terms of distance are those of marathon events[33][34] and IronMan® triathlon 
events[35] that did not directly investigate this behavior. 
In contrast, neuromuscular interactions were recently studied using a seated, leg-
press protocol, (resistance exercise, and therefore, half eccentric contractions) and 
endurance trained cyclists. The results, likely due to training status, and significantly 
shorter exercise duration, and lack of extensive muscle mechanical damage, showed there 
was no apparent age-related factor explaining the significant decrease in maximum 
voluntary torque (MVC) coupled to insignificant changes in M-wave and twitch 
neurological parameters.[32] in old verses young. 
Notably, very few of the studies have featured uniform controls for pre-
experiment nutrition status nor recovery feeding protocols. Therefore, the masters 
recovery differences in these studies could point to effects caused by varied availability 
of substrate and associated anabolic signaling required to complete recovery.  
Masters athletes appear to maintain the glycogenesis capabilities of younger 
athletes if the exercise protocols feature mainly concentric contractions in accustomed 
endurance exercises in order to minimize mechanical damage to the exercised 
muscle.[36][67] Some recent masters studies have focused on muscle protein synthesis 
(MPS) recovery activities driven by feedings of carbohydrate (CHO) and protein (PRO) 
in response to muscle-damaging eccentric exercise protocols.[38][41][84]  
In muscle recovery conditions, appropriately timed, post exercise recovery 
feedings of CHO and CHO+PRO accelerated glycogenesis.[38] For example, it has been 
shown that feeding of CHO+PRO immediately post exercise increases glycogen storage 
2-4 times compared to CHO alone when measured after 40min post feeding. The 
CHO+PRO feeding accounted for approximately half of the glycogen stored during the 
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total 4hr recovery period measured.[38] However, glycogenesis recovery time increases 
significantly when exercise protocols feature significant eccentric contractions due to the 
associated muscle damage.[36][67] 
Muscle protein synthesis (MPS) rates post exercise respond in a similar fashion to 
the glycogenesis process due to the anabolic effect of insulin in response to post exercise 
feedings of either CHO alone (36% increase has been shown) or supplementing with 
CHO+PRO, which has been shown to increase MPS three times above base levels and 
increase fat oxidation.[42] 
Nonetheless, masters athletes suffer impaired MPS measured by fractional 
synthesis ratio (FSR) compared to young athlete despite equivalent CHO+PRO 
feedings.[37] Research has suggested that, after muscle-damaging endurance exercise, 
masters athletes require at least twice the protein ingestion to increase recuperative effect 
that still remains slower than younger athletes.[40] Despite extensive investigation into 
age-related anabolic resistance in sedentary aging populations, little is known about how 
anabolic resistance affects post-exercise muscle protein synthesis, and thus muscle 
remodeling in aging athletes.[39][41] 
SKELETAL MUSCLE STEM CELL & SATELLITE CELL ACTIVITIES 
Satellite cell (SC) are differentiated (adult) muscle stem cells responsible for 
skeletal muscle regeneration responding to muscle damage, over use, or tension in 
individual muscle fibers.[30] SC response is independent of muscle fiber type, and instead 
relies on enervation of the damaged fibers to determine the appropriate remodeling.[45] 
Human muscle studies have shown the SC role in plasticity depends on the 
quantity of satellite cells, and their viability to proliferate.[45] Aged muscle has been 
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shown the have reduced SC populations that may have compromised macrophage activity 
which stimulates SC activation.[45] 
Aging Effects 
Age-related chronic inflammation blunts SC activity,[44] and deterioration of the 
immune system – so called “immuno-senescence” – negatively affects the specific 
macrophages responsible for SC activation. In response to muscle damage, specific acute 
(72hr) remodeling mechanisms upregulate pro-inflammatory microphages that secrete 
many compounds to prepare the damage site for repair including cytokines that 
upregulate SC proliferation activities.[46] Aged macrophages delay muscle repair and 
recovery.[45] Highlighting this relationship, SC appear to have regenerative capabilities in 
rodent models when implanted into individual young fibers with intact SC, and by whole 
muscle transplantation.[30] 
Training, Fiber Type & Recruitment Effects 
Endurance training for both aged men and women maintains the SC pool showing 
similar density in type I and type II fibers despite the age-related decline of type II 
fibers.[50] Fibers recruited more often contain more SC, and therefore, mixed fiber 
muscles will contain similar SC quantities in the constituent type I and type II recruited 
fibers.[47] 
The age-related decline in type II fiber count seems to be a detraining effect that 
can be reversed following a progressive resistance training protocol.[51] Similarly, heavy 
resistance strength training (HRST) has been shown to stimulate SC absolute population 
and activity, as well as, increase mitochondria populations in the recruited type II fibers 
in both aged men and women.[52] 
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Protein Feeding Effects 
It is well known that exercise upregulates SC activity, additionally, recent studies   
featuring PRO feedings (broad spectrum essential amino acid and high leucine content 
whey supplementation) were shown to stimulate SC activity.[48]  
It has been shown recently as well, however, that similar whey feedings 
significantly affect only type I fibers subjected to concentric exercise. These same whey 
feedings raised type I SC content, but not significantly, in response to eccentric exercise. 
Type II muscle SC content remained essentially unchanged across contraction type and 
feedings.[49] There was no measurement to confirm the extent underlying muscle damage 
usually associated with delayed type II fiber recovery response to eccentric exercises. 
NSAIDS & EIMD 
Non-steroidal inflammatory drugs inhibit the pro-inflammatory cyclooxygenase 
(COX) pathways, which promote inflammation and pain associated with exercise induced 
muscle damage.  Despite their widespread use by young adult athletes, recent studies 
have suggested their use might dampen anabolic signaling, and reduce muscle satellite 
cell activity following exercise thus possibly impairing strength and hypertrophy 
development during training. There have been no studies investigating these effects in 
older athletes.[1] 
FATIGUE 
Describing neuromuscular (NM) fatigue involves measuring changes in the 
central nervous system as well as muscle responses responding to exercise.[53] Fatigue 
blunts power production by reduced shortening velocity and peripheral damage will 
reduce muscle force (strength.)[56] For example, central fatigue leads to an inability to 
recruit all motor units at the rates necessary to deliver desired force or power.[56] Intensity 
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and duration of exercise on large mass muscle determines fatigue,[54] while high intensity 
exercise affects the periphery,[55] and moderate intensity exercise causes changes in both 
periphery and central systems.[56] Peripheral fatigue can substantially recover within 
minutes after a supramaximal exercise, while NM function recovers slower after 
prolonged, moderate-intensity exercise.[57] 
Master athletes suffer with significantly higher perceived fatigue and reported 
soreness compared to younger subjects;[6][62] however, fatigue seems to abate responding to 
post-exercise PRO feedings in veteran triathlete studies.[41]  
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Chapter 3: Age-Related Skeletal Muscle Recovery 
Introduction 
The recovery processes are complex interactions of physiological, biochemical, 
hormonal, biomechanical, and psychological systems that are affected by age-related 
changes. Using young athletes as the baseline model, recovery is described by an acute 
phase immediately post exercise that is followed by a chronic phase that can last 72 hrs. 
or more determined by the extent of damage.[2]  
Both endurance and resistance fatiguing bouts have been used to study glycogen 
replacement and muscle protein synthesis in young athletes resulting in standardized 
feeding recommendations for master athletes.[41][1][42] Recent masters recovery feeding 
studies, however, have identified significant differences for masters skeletal muscle 
repair and strength recovery in response to PRO supplementation.[37] 
The current PRO recommended supplementation post-bout for young athletes is 
20g PRO, which was determined as the amount that maximized muscle protein synthesis 
and initiated the beginning of amino acid oxidation.[37] I could find no study defining a 
similar onset for master athletes even in light of the interest in anabolic resistance. A 
recent study however showed the rate of FSR slowed (second derivative in calculus) 
across all PRO treatments, however, mixed muscle FSR responding to 35gm was over 
twice the 20gm rate using less than 2x the treatment amount. (The 10g treatment actually 
reduced post prandial FSR.) [69] This suggests a larger treatment is required to further 
increase masters FSR. Future study is required to determine the relationships between 
larger whey treatments and FSR in elderly and master athletes. 
Aged and master athletes may benefit from innovative approaches involving 
ketone ester compounds to amplify glycogenesis beyond CHO+PRO post exercise 
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feedings,[65] and all athlete age groups can benefit from whole food consumption to 
maintain baseline nutrition status.[64] 
Acute Phase – Resting Homeostasis and Glycogenesis 
Briefly, the acute recovery phase consists mainly of rapidly returning the 
physiological systems back to near homeostatic resting values, a faster rate of muscle 
glucose uptake as a result of increased muscle insulin sensitivity, and causing improved 
glucose absorption and glycogenesis.[42] Protein also raises insulin sensitivity in skeletal 
muscle to increase protein synthesis and glycogen refueling to return muscles to a pre-
exercise state.[2] 
Glycogen Recovery – Acute Feeding of Carbohydrate (CHO) and Protein (PRO)  
While steady state feedings of CHO and PRO meals maintain energy and 
homeostatic structural balance – so called nutrition status, acute post exercise feeding of 
either CHO or PRO substrate or in combination amplifies plasma insulin levels beyond 
levels attained by either substrate alone. Glycogen recovery processes are relatively slow 
processes, but feedings timed to maintain glucose plasma concentrations maintain insulin 
concentrations, and are shown to minimize glycogen recovery time.[42] 
CHO quantities consumed must be sufficient to trigger a sufficient insulin 
response to drive faster glucose uptake enabled by increased insulin sensitivity of skeletal 
muscle and glucose transporter activity. Furthermore, insulin sensitivity can be 
maintained many hours post exercise if regular CHO feedings continue in two-hour 
increments.[42] 
Combining PRO to these CHO feedings amplifies glycogen storage 38% over the 
first 4 hour period post exercise, and the quantity of both CHO and PRO drives this 
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response dispelling the notion that calories drive the response – specifically, 40 minutes 
into recovery, the glycogen recovery rate was shown to be twice the rate of iso-caloric 
CHO feedings, and four times faster than iso-carbohydrate feedings. However, CHO 
substrate availability appears to rate limit glycogen storage.[42] 
Glycogen Recovery – Acute Feeding of Ketone Esters  
Post exercise, human muscle glycogenesis has been shown to benefit from ketone 
ester supplementation containing an amount that mimics a week of total fasting. The 
ketone supplement administered alone was ineffective; however, ketone and glucose 
supplementation in combination significantly raised both insulin sensitivity and insulin 
responsiveness to enhance muscle glycogenesis.[65]  
Ketone bodies are an alternative fuel source for the brain (they can pass the blood-
brain barrier), as well as skeletal muscle. Plasma ketones concentrations can become the 
preferential fuel source during exercise thus sparing glycogen stores in the liver and 
skeletal muscle enhancing endurance performance and can blunt the physiological 
symptoms of “overreach” to improve exercise performance in a subsequent bout.[66] 
Further study of ketone ester activities is required to determine the interaction of 
nutrient timing, as well as, determining whether this insulin effect similarly amplifies 
muscle protein synthesis (MPS) recovery. 
Glycogen Recovery – Delayed by Damaging Eccentric Contraction 
Eccentric exercise has been shown to impair glycogenesis, and the amount of 
muscle damage determines the lower rate of glycogenesis. For example, a study 
comparing post exercise glycogenesis rates responding to CHO supplementation with 
more than 10g/kg/day showed the concentric muscle cohort completely replenished 
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glycogen stores in 24hrs, while the eccentric muscle cohort (damage confirmed using 
multiple blood markers) glycogenesis declined even further 2hrs post feeding.[36] 
 
Glycogen Recovery – GLUT-4 Disrupted Glucose and Training Status 
 Muscle damaging eccentric contractions delay glycogenesis for all age 
populations due to post exercise transient GLUT-4 decreases that could be the result of 
strong mechanical cell damage that is more apparent in master athletes’ impaired 
glucogenesis compared to young athletes.[6]  
 GLUT-4 concentrations are highly responsive to exercise stimulus.[20] For 
example, young and old, male and female sedentary subjects significantly increased 
GLUT4 concentrations after 7 days of 1hr concentric exercise training (cycling) at the 
same relative exercise intensity (<75% VO2max.) This improved training status is likely 
the result of upregulation of GLUT-4 transcription and translocation of GLUT-4 to cell 
surface membranes.[20] 
Glycogen Recovery - mRNA Effects 
Muscle glycogen content influences regulation of gene transcription.[68] For 
example, comparing responses to low CHO and high CHO feedings, the high CHO 
cohort showed increased mRNA driven down-regulation of MPS-blocking metabolic 
genes.[68] 
Chronic Phase - Muscle Remodeling and Rejuvenation Processes. 
 The chronic recovery phase may last up to 72hrs post-exercise, however, extreme 
intensity and duration in the bout can increase recovery time.[2] 
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Importantly, specific repair responses involve repair of disrupted calcium 
signaling to reverse blunted excitation-contraction coupling and inflammatory response. 
Inflammatory responses include activation of protein degradation pathways, as well as, 
satellite cell activation.[6] 
Carbohydrate (CHO) and Protein (PRO) 
Post exercise protein remodeling studies using active adult populations subjected 
to acute exercise bouts used acute resistance exercise protocols versus using “contact 
sport, middle-distance, or endurance exercise” [64] 
Additionally, while most recent research focused on whey protein 
supplementation due to its strong leucine and EAA profile, the authors included a few 
supplemental studies using whole food protein sources like beef or soy.[71] Moreover, 
there is very little information regarding how endurance exercise intensity and duration 
impacts the ingested protein dose–response curves on the post-exercise MPS.[64] 
We know CHO and PRO illicit strong insulin responses separately and are 
additive in combination; insulin blunts catabolic processes and is permissive to strong 
anabolism; however, the CHO dose must be sufficient to induce the insulin response. 
Furthermore, steady state feedings of CHO and PRO maintain baseline energy and 
homeostatic structural balance, whereas bout-related feeding of either substrate or in 
combination amplifies anabolic muscle protein synthesis processes, and provides nutrient 
substrates required for the process.[42] 
Studies using young athletes show that exercise triggers MPS rates post exercise 
even from unfed states, and amplified MPS rates in young athletes occur in response to 
combined CHO and PRO feedings likely due to the resulting amplified insulin response 
that permits MPS.[42] Insulin has been shown to permit MPS if insulin concentrations 
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reach 10-15 mU/l.  Only then will sufficient plasma EAA concentrations trigger MPS. 
Confirmation of this interaction was shown perhaps unintentionally underfeeding 
subjects with CHO (8 grams) that resulted in no MPS.[69] 
Endurance athletes apparently require more PRO than resistance athletes when 
consuming an energy balanced diet.[70] 
Essential amino acids (EAA), and in particular leucine, have been found to trigger 
MPS strongly and preferentially to other amino acids, moreover, leucine and EAA 
availability rate limit the anabolic response while non-essential amino acids do not,[64] 
particularly in the elderly.[72][73] 
Compared to an equivalent control amino acid mixture dose, whey protein 
hydrolysate supplementation significantly upregulated the gene expression responsible 
for positive MPS transcription causing dose-dependent initiation of mRNA translation 
mediated primarily through the mTOR signaling pathway.[73]  
Master athlete recovery studies [37] and sedentary aged subject studies [74] show 
similar results to high-leucine whey and CHO supplementation, however, the master 
athlete MPS rates were significantly lower than those of young athletes despite equivalent 
recovery feedings. Adding antioxidants to these supplements improves MPS measured by 
improved strength and reduced soreness.[75] 
ANABOLIC RESISTANCE 
Skeletal muscle protein remodeling in master athletes’ skeletal muscle has been 
shown to be impaired,[39] and the importance of post-exercise protein feeding for 
endurance athletes is increasingly being acknowledged [40] with its well-known role in 
creating a positive net muscle protein balance post-exercise.[41]  
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Anabolic resistance is the reduced muscle protein synthesis response of aged 
muscle compared to young muscle when post-exercise PRO feedings deliver the same 
amount of PRO substrate.[1] None the less, post-exercise PRO dose recommendations for 
masters athletes remain the same as for young athletes, and therefore, masters athletes 
may benefit from higher doses of post-exercise dietary protein, with particular attention 
directed to the leucine content.[39][41][68]  
NEW INVESTIGATION AREA – NUTRIENT ABSORPTION 
Strenuous endurance exercise has been shown to cause GI distress in young 
athletes,[87] and was recently characterized by increased zonulin activity in serum. 
Zonulin is a marker of epithelial breakdown specifically in the gut.[76] I could find no 
similar study for aged or master athlete behaviors. 
Diet appears to improve the epithelial boundary, and improve cardiovascular 
health [78][79][88] indicating a possible implication to participating in anabolic resistance. 
For example, studies involving young and aged subjects have screened for GI disease,[74] 
and other studies using young and aged subjects measured increased PRO levels in the 
gut despite serum increases without comment about the normalcy of the amounts.[69] 
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Chapter 4: Studies of Skeletal Muscle Recovery 
Unless noted otherwise, and in order to save space and minimize reading fatigue, 
I will use the following shorthand conventions in this chapter only on the following 
citations: 
 
Fell and Williams, 2008[6] becomes Fell 
Easthope et al.,2010[5] becomes Easthope 
Doering et al.,2016[37] becomes Doering 
Hayashi, K., et al., In press 2019[86] becomes Hayashi 
DAMAGING PROTOCOLS REQUIRED 
Skeletal muscle is the engine for motion, and therefore, to study muscle recovery, 
the experiment protocol must first sufficiently damage muscle through exercise or 
physical impact to cause strong and measurable recovery. This means use eccentric 
contractions versus concentric contractions.[6] No matter the source of damage, muscle 
soreness and reduction in strength results throughout the healing process. Eccentric 
contraction protocol bouts cause the most damage by way of the muscle fibers 
lengthening while under load.[80] 
Early recovery studies of masters showed little or no age-related effect on 
recovery measured by return to pre-study strength. This seems to be due to the exercise 
protocols not causing sufficient damage.[6] Running does cause eccentric contractions to 
cushion the foot strike load, and preload the muscle for the subsequent associated 
concentric contraction, referred to the “stretch shortening cycle,” [81] whereas, cycling is 
wholly a concentric action.[6] 
Exercise protocols in master studies began to use eccentric bouts to maximize 
muscle damage in order to differentiate recovery processes between concentric and 
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eccentric muscle contractions.[5] Follow on studies quickly added treadmill downhill 
running protocols to induce ECC efficiently and effectively.[37][39][86] 
This protocol analysis will ignore a popular referenced study because, despite the 
distances involved, it lacked few eccentric segments, and did not measure markers for 
muscle damage. For example, the 10km triathlon run course featured two hilly segments 
with an overall elevation bump of 360m, which at the face of it, would likely not rise to 
the skeletal muscle damage level of the other studies. Moreover, no strength recovery 
differences between groups were measured.[82] 
ANALYSIS OF PROTOCOLS – COMPARING ENDURANCE ECCENTRIC CONTRACTION 
RECOVERY STUDIES 
Easthope 
The master cohort (45yrs+/- and training matched to the young cohort) showed 
significantly degraded strength (MVC vastus lateralus) (compared to young (30yrs+/-) 
beginning at 24hrs, and sustained for the full 72hr recovery period (young recovered at 
about 24hrs.) Significant masters neurological degradation occurred. M-wave duration 
was significantly longer compared to young at 24hrs, but recovered to insignificant levels 
at 72hrs. However, compared to young peak twitch torque & contraction time, masters 
measures were significantly depressed at 48hrs and remained at 72hrs post-exercise. CK 
and LDH showed expected increases and time dynamics.  
 
ANALYSIS & COMMENT 
While cohort ages were not significantly different, the masters age was relatively 
young compared to other studies,[37][62][69] and yet the masters cohort exhibited much 
slower recovery times. 
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The purpose of the recovery sub-max cycling bouts was not explained, and seems 
to be active recovery that may or may not favor young athlete recovery.[83]  
Moreover, there was no control for either recovery feedings or recovery activities 
by either cohort instead relying on the honor system, which perhaps lead to reduced 
master recovery during the 72hrs timeline due to habitual underfeeding.[70][37] 
Doering 
The significantly older and significantly fatter master triathlete cohort was not 
training matched to young, (VO2max significantly lower than young) and showed 
significantly reduced myofibrillar FSR compared with younger in response to significant 
eccentric contraction induced muscle damage. The 72hr recovery period included plasma 
enzyme marker measurements accompanied by intense cycling time trial training to 
evaluate muscle strength losses. Each cohort received controlled recovery feedings. 
Although not significant, there was a trend for masters to recover from cycling 
performance at slower rates compared with younger triathletes. 
 
ANALYSIS & COMMENT 
Training Status 
VO2max declines approximately 1% per year after 30yrs. [7] 
 I will use this relationship to model comparisons of masters participant cadres 
across studies, especially when training status is self-reported. In this case, and perhaps 
obviously, the master athletes are indeed “highly trained.” [Table 1] 
Feeding  
Based on the 3-day diet record pre-study, these masters seem to habitually 
underfeed PRO compared to the young cohort. Specifically, the master habitual protein 
intake was 1.7 +/- g/kg/day compared to 2.4 +/- g/kg/day for the young.[37][70] 
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Moreover, the authors state “all meal consumption was recorded” which begs the 
question whether all subjects ate all assigned food. Reduced substrate availability would 
impair recovery performance in both cohorts. The authors do not mention these results - 
specifically, which subjects failed to finish all meals and why was this allowed? 
Finally, despite a detailed mention in the discussion section, the feeding protocol 
failed to test the notion that increased PRO consumption by master athletes post exercise 
would further improve MPS rates. Specific mention of PRO dosing in studies doubles the 
suggested 20g PRO amount for young athletes (which was defined as the onset of amino 
acid oxidation.) [37] 
I could find no study defining the same onset for master athletes even in light of 
the interest in anabolic resistance. A recent study did show the rate of FSR slowed across 
all master PRO treatments, however, mixed muscle FSR response to 35gm PRO more 
than doubled the 20gm FSR while using less than 2x the treatment amount. (The 10g 
treatment actually reduced post prandial FSR.) [69] This means there remains additional 
rate increase available to drive more FSR activity. 
Hayashi  
The study found no differences between young and older, male and female active 
adults recovering from a downhill protocol evaluated by visual analog pain scores, 
maximal isometric torque strength, and plasma CK and Mb concentrations. Subjects were 
grouped into young-sedentary (YS), young-trained (YT), and significantly older-trained 
(OT) cohorts (Old sedentary were not tested due to treadmill safety concerns.) The 
estrogen effects of sparing muscle damage were controlled testing young female subjects 
in the early follicular stage while all aged females were post-menopausal. 
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Post-bout measurements, however, suggest an alternate interpretation of the data 
that aligns with previous study results. The significantly different training status between 
YT and OT cohorts measured by VO2max shown by OT significantly lower than YT. 
The YT value was similar to the YT cohort values in previous studies.[5][37] (Table 1) This 
indicates a possible training effect [21][3] may confer a comparatively greater ability to 
recover from exercise compared to OT. Moreover, the OT group has significantly higher 
body fat composition compared to YT, and was higher than the YS group, supporting the 
observation of the relative de-trained status of the OT group. 
 
 
However, the OT measurements in the study suggest otherwise – that the study 
protocols appear to have not caused sufficient muscle damage in the OT group compared 
to YT. 
Hayashi, K et al.,(submitted to press 2019)
Young(S) Young(T) Old (T) Delta Notes
Age (yr) 27.5 ± 2.2 26.8 ± 1.8 57.5 ± 2.3*† 30.7 † Diff to Young(T)  (P < 0.05)
Body fat, %  20.4 ± 1.7 17.7 ± 1.1 22.6 ± 4.5 † * Diff to Young(S)  (P < 0.05)
V˙O2peak (mL/kg/min)  39.9 ± 1.6 51.4 ± 1.4 * 40.8 ± 3.2 † -21%
Tanaka & Seals (2008) Predicted -30%
Expected VO2max 35.9
Easthope et al., (2010)
Young(S) Young Master Delta
Age (years) n/a 30.5 (7.0) 45.9 (5.9) 15.4 not sig
Body fat, % n/a n/a
VO2 peak (ml/min/kg) 58.8 (6.5) 55.0 (5.8) -7% not sig
Tanaka & Seals (2008) Predicted -15%
Expected VO2max 43.5
Doering et al., (2016(a))
Young Old Delta & %
Age (yr) 27 (25–29) 53 (52–56)* 26 * sig different  (P < 0.05)
Body fat, % n/a 7.7 (6.8–9.6) 12.5 (8.6–16.7)* * sig different  (P < 0.05)
V˙O2peak(mL/kg/min) 63.4 (56.4–66.0) 56.3 (48–61)* -11% * sig different  (P < 0.05)
Tanaka & Seals (2008) Predicted -26%
Expected VO2max 46.9
Fell & Williams (2006)  
Young(n=6) Old (n=5) Delta & %
Age (yr) n/a 24 (+/-5) 45 (+/-6)* 31 * sig different  (P < 0.05)
Body fat, % 11.2 (+/-4.5) 11.6 (+/-3.2)
V˙O2peak (mL/kg/min) 58.7 (+/-5)) 57.3  (+/-4.3) -2%
Tanaka & Seals (2008) Predicted-31%
Expected VO2max 40.5
Pre-Bout VO2max Comparison
Table 1:  Comparison of cross group relative fitness levels of participants. Yellow indicates % body fat, and green 
compares  Old VO2max measured to predicted using the Tanaka & Seals  (2008) 1% per year decline.
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For example, comparing muscle damage marker CK activity between YT and OT 
groups shows the YT peak (160% of baseline) serum CK (significant from baseline) 
developed in 24 hours post exercise. The OT concentration peaked as well at 24hrs but at 
80% of baseline. This is unusual because while CK increase is not strongly correlated to 
the extent of muscle damage,[3] it means qualitatively OT may have suffered less muscle 
damage than YT. Other studies have shown that their respective OT groups display 
significantly higher CK measures compared young training matched group,[5] and young 
unmatched group.[37]  
CK serum concentration also cleared over the same time course as Mb which is 
unusual. Mb serum concentrations should peak approximately 8hrs post-damaging 
exercise, and clear within 24hrs. [21] In contrast, responding to muscle-damaging exercise, 
CK should peak at 48hrs post-exercise and clear by 72hrs unless the bout was excessively 
intense.[21]  
The significantly lower OT RPE scores at 30mins for the lower limbs indicate less 
perceived exertion compared to both young groups, and therefore OT experienced less 
exercise intensity which is shown to be one of the primary causes of muscle damage.[4] 
The pain scale (author’s Table 4) on all three muscle groups confirms YS 
sustained comparatively more muscle damage than either YT and OT, however, 
compared to YT, OT recovered faster suggesting less muscle damage. (The leg muscle 
scores of all groups remained significantly raised at 72hrs compared to baseline 
indicating delayed recovery in these muscles. 
Range of motion measurements (author’s Table 3) and associated pain scales 
(author’s Figure 1) seem to support the notion of reduced OT muscle damage despite no 
cross-group differences. OT range (and YS behavior which seems similar) remained 
unchanged from baseline on knee extension and hip flexion, and pain scales for both 
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confirm this idea. However, hip extension range of motion measurements showed the 
opposite relationship indicated by significant OT (and similar YS) motion impairment 
compared to baseline, however there were no group differences in pain scale. 
The MVC torque measures align with the CK measurements and time course. 
Reduced 90degree MVC indicated YT sustained more muscle damage compared to OT at 
24hrs post-bout again indicating the opposite relationship shown in other studies, [5][37] 
and suggesting reduced OT muscle damage compared to YT.  
At 24hrs, YT began a steady recovery rate to 72hrs, whereas, OT sustained 
continued muscle damage and slower recovery until 48hrs, and then matched the 
recovery rate of YT to 72hrs. However, MVC strength still remained lower than baseline 
compared to YT. YT 45degree MVC showed insignificant strength decline compared to 
baseline, while OT and YS showed significant strength decreases and similar recovery 












The study of exercise recovery for the aged athlete and elite master athlete group 
has been an ongoing field for decades despite confounding effects of the aging process 
obscuring recovery physiological behavior. The skeletal muscle recovery processes for 
this group have the same objectives as for younger groups, but there are subtle negative 
differences amplified by several factors - increased age-related detraining and sedentary 
behaviors affecting the training status of aged athletes, gender and associated hormonal 
changes affecting measurement and interpretation of muscle damage markers, age-related 
skeletal muscle fiber type changes, and skeletal muscle repair processes impaired by age-
related immune system changes. These all conspire to impair repair and replenishment of 
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